In this study, freeze-thaw experiments were conducted on saturated fine-grained soils using different pre-consolidation pressures and overburden loads in order to predict the permeability of freeze-thawed soil. Two types of freeze-thawed experiments were carried out with the artificial ground freezing on-site construction condition considered: (1) one-dimensional freeze-thaw test, and (2) a horizontal displacement restrained freeze-thaw and vertical permeability test, which enables horizontal freezing under restricted horizontal displacement. The results show that the permeability of freeze-thawed soil is obviously influenced by overburden pressure rather than pre-consolidation pressure, overconsolidation ratio, and frost heave ratio. The results also suggest that the permeability of freeze-thawed soil can be predicted by the freeze-thaw test in which the effective overburden pressure is considered, rather than strength or over consolidation ratio of the ground materials and other freezing conditions.
BACKGROUND AND PURPOSE (1) Background
In the case of fine-grained soils freeze, not all the pore water freezes at the same time; some remain as supercooled water. Supercooled water slowly freezes with a temperature decrease while taking water from the surrounding unfrozen soil, and ice lenses (ILs) are formed as shown in Fig.1 . While the ILs occur and grow, the unfrozen soil adjacent to the frozen part is dehydrated severely, which leads to shrinkage cracks similar to tortoise shell. Ice lenses are formed with the advance of freezing front in several layers, and as a result, numerous amount of ice lenses and shrinkage cracks occur in the freezing soil. It has been well known that the permeability of fine-grained soil increases after freeze-thaw.
Chamberlain & Gow 1) and Benson & Othman 2) reported that an increase in permeability was attributed to particle rearrangement and shrinkage cracks that occurred in freezing process. A study on the change of the void ratio and permeability before and after freeze-thaw conducted by Konrad & Samson 3) revealed that the permeability after freeze-thaw increased despite the decrease in void ratio. Dumais & Konrad 4) reported that the change in permeability due to freeze-thaw was correlated with the median particle diameter of the fine fraction, which provided a convenient assessment of relative size of clay and silt in fine fraction. Nakamura et al. 5) reported results different from the above reports; that is, when a specimen prepared with small compaction energy was freeze-thawed, both void ratio and permeability of the soil decreased as compared with those of unfrozen specimens.
As an example of investigation of the factors that influence permeability change in freeze-thawed soil, such as external freezing condition, that is, the rela-tionship between the cooling method and overburden pressure, Ito et al. 6) conducted a freeze-thaw test using one-dimensional freeze-thaw test apparatus, and reported that there was no relationship between the freezing method and permeability after the freeze-thaw test for both Fujinomori clay and Kanto loam. Also, permeability of normally consolidated clay after the freeze-thaw was affected only by the overburden pressure during the freeze-thaw process.
In addition, Tamazaki et al. 7) investigated the relationship between void ratio and permeability of Kanto loam before and after freeze-thaw processes, and have reported that the factors for increase in permeability of freeze-thawed soil can be classified into the changes in soil structure and in soil element, and that the portion of soil elemental change is relatively great under greater pressure; the soil structural change is also larger under smaller pressure.
In these studies, although it has been reported that qualitative knowledge not only of the conventional hypothesis with IL and shrinkage crack, but also of unfrozen water, particle size distribution of fine-grained soil, overburden pressure during freeze-thaw process, and changes in soil structure have been acquired as factors for determining permeability of freeze-thawed soil, the mechanism has not been shown to sufficiently predict the permeability of freeze-thawed soil in the design stage.
On the other hand, artificial ground freezing method (AGF) has been applied to a number of cases in China and Southeast Asian countries. AGF has come to be applied increasingly to cases of contaminated soil in North America, and some researchers have reported cases in which polluted soil has been isolated from groundwater by AGF with actively cooled hybrid thermosiphons for which natural energy and artificial freezing have been combined 8) .
In the decommissioning of Fukushima Daiichi Nuclear Power Station, the frozen earth wall 9) is being constructed to reduce the inflow of groundwater to the reactor buildings. The frozen earth wall is maintained for a long time to prevent outflowing of contaminated water from the reactor building. For stable operation, it is necessary to apply the long-term stable management technology. Therefore, it is extremely important to understand the permeability of freeze-thawed soil in AGF.
Two types of water flow patterns are considered for thawing of a frozen earth wall as shown in Fig.2 . In the case of complete thawing, water flow occurs in the direction orthogonal to the trace of IL (Fig.2, [1] ), and in the case of partial thawing, flow occurs in the direction parallel to the trace of IL (Fig.2, [2] ), such as flow between freezing pipes and along the frozen wall surface.
In this study, the permeability in the direction orthogonal to IL was investigated by a one-dimensional freeze-thaw and permeability test shown in Fig.3 ; whereas that in the direction orthogonal to the freezing was studied by the horizontal displacement restrained horizontal freeze-thaw and vertical permeability test shown in Fig.4 .
(2) Purpose
The purpose of this study is to develop an experimental prediction method for permeability of freeze-thawed soil, which becomes a problem in applying AGF. Particularly, it aims to: a) investigate the influences of over consolidation 
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(a) Plan view ratio and overburden pressure on the permeability of freeze-thawed soil; b) investigate the influences of IL growth direction and displacement boundary condition, etc., on the permeability of freeze-thawed soil; which are relevant to actual AGF method; and c) propose an experimental prediction method for permeability of freeze-thawed soil consider conventional knowledge.
TEST METHOD
(1) Specimen preparation Table 1 shows the physical properties of Kizuchi clay of Kyoto Fushimi filtered by passing through a 425μm sieve. Ion-exchanged water was added to the air-dried soil and water content was adjusted to about 1.3 times greater than the liquid limit (LL). The soil was stirred, vacuumed, and then pre-consolidated to be used for the experiments. Specimens in the one-dimensional freeze-thaw and permeability test 10) (1-D test) were pre-consolidated at P = 50, 75, 200, 300, 400, and 500 kN/m 2 , respectively, in an acrylic cylinder with 100mm inner diameter, and 30mm thickness, then trimmed to H0 = 50 mm height. Specimens for the horizontal displacement restrained horizontal freeze-thaw and vertical permeability test 11) (H test) were pre-consolidated at P = 150 kN/m 2 in a rectangular freezing cell with a cross-sectional dimension of 80 mm×70 mm so that the specimen height was approximately 80mm.
(2) One-dimensional freeze-thaw and permeability test One-dimensional test system shown in Fig.3 consists of upper and lower aluminum cooling plates and an acrylic cylinder. The upper and lower plates are circulated with antifreeze (ethylene glycol) controlled respectively by a couple of temperature control water bathes. Figure 5 shows an example of temperature condition during the freeze-thaw test. The boundary temperatures of the specimen were measured with Pt sensors installed at the upper and lower plates. For the test, with the lower plates as a colder-temperature side (Tc) and the upper plate as a warmer-temperature side (Tw), a specimen was frozen from the lower to upper sides, while the laboratory temperature was constantly kept at 20°C. A temperature difference between Tw and Tc at the initial stage was set to 5°C, and the temperatures of Tc and Tw were lowered at the cooling rate of dT/dt = 0.2°C/h until they reached -6°C and -1°C respectively, then both temperatures fell to -10°C immediately.
In the freeze-thaw test, water was supplied and drained from the upper plate as open-type freeze. The amount of water was measured by an electronic balance. The overburden pressure applied to the specimen during the permeability and freeze-thaw test is called "test pressure," which was loaded vertically from the shaft through the upper plate, and frost heave amount was measured with a displacement transducer. A falling head permeability test was conducted from the lower to upper directions before and after the freeze-thaw process.
The experimental conditions of C series by the 1-D . The cooling rate was dT/dt = 0.2 °C /h and the temperature difference between both end faces of a specimen was 5°C (G = 0.3 ~ 1.5 °C /cm), since Ito et al. 6) revealed that both cooling rate and temperature gradient did not influence permeability increment ratio in the range of dT/dt = 0.1 ~ 4.0 °C /h and G = 0.3 ~ 1.5 °C /cm, respectively.
(3) Horizontal displacement restrained horizontal freeze-thaw and vertical permeability test
The H test system shown in Fig.4 has aluminum cooling plates on the left and right sides of a rectangular specimen, and the specimen was frozen horizontally by these plates in which temperature-controlled antifreeze solution was circulated. The front and back sides of the specimen were insulated with an acrylic plate with a thickness of 50 mm, and ice lenses could be observed. The left and right cooling plates and the front and back acrylic plates were fixed by stainless shafts, and displacement in the horizontal direction of the specimen was completely constrained. One side was set as a colder temperature side (Tc), the other side was set as a warmer temperature side (Tw), and the temperatures were measured with Pt sensors installed in both sides. In the freeze-thaw process, water supply and drainage were allowed from the Tw side and measured by an electronic balance. The upper and bottom plates with thickness of 30 mm were made of vinyl chloride for heat insulation. Test pressure was applied vertically from the shaft through the upper plate, and vertical displacement was measured by a displacement transducer installed on the shaft. Falling head permeability test was conducted from the bottom plate to the upper direction before and after freeze-thaw. K26 and K27 shown in Table 2 were the test conditions of the H test. K26 and K27 were conducted at cooling rates of dT/dt = 0.2 and 0.4 °C/h, respectively. The temperature difference between Tw and Tc was 5 °C (G = 0.625 °C /cm), and the lowest temperature of the plates was -10 °C.
RESULTS AND DISCUSSION
(1) Frost heave characteristics of the one -dimensional freeze-thaw test Figure 6 (a) shows frost heave with elapsed time during the freeze-thaw process. The elapsed time t' = 0 hour corresponds to the start time of freeze-thaw process; that is, t = 35 hour in Fig.5 . The specimens in the normal consolidation state with P and p = 50 kN/m 2 were compressed after freeze-thaw as compared with before freezing. On the other hand, the amount of frost heave for specimens in an over-consolidated state with P = 300 and 500 kN/m 2 , p = 50 kN/m 2 did not return to the initial value. Figure 6 (b) shows the water supply with elapsed time. The water supply showed a similar behavior as the displacement in Fig.6(a) . In the case of normal consolidation state, drainage during thawing is greater than the water supply during freezing while in the case of the overconsolidation state, water supply during freezing is greater than the water drainage during thawing. (2) The relationship between frost heave ratio and the change in permeability Figure 7 shows the relationship between frost heave ratio, overburden pressure, and permeability increment ratio, respectively. Frost heave ratio is defined as the percentage of the maximum amount of freeze expansion (frost heave) with respect to the initial specimen height. Permeability increment ratio kt/ku is defined as the ratio of permeability ku of unfrozen soil to permeability kt of freeze-thawed soil.
Both frost heave ratio and permeability increment ratio are the greatest in p = 50 kN/m 2 , though they turn smallest at p = 200 kN/m 2 . Overall, both frost heave ratio and permeability increment ratio increase with a drop in test pressure. In addition, it appears that permeability increment ratio is almost constant for a fixed test pressure even when frost heave ratios are different. Therefore, it was assumed that only the test pressure affected permeability increment ratio.
The permeability of freeze-thawed soil in C26-1 was not different from that under the same test pressure. However, the permeability of unfrozen soil in C26-1 was greater than that of the others. It is supposed that the pre-consolidation pressure was not Unfrozen soil fully applied because of the friction between the acrylic cylinder and specimen.
(3) The relationship between pre-consolidation pressure and the change in permeability Figure 8 shows the relationship between the pre-consolidation pressure and permeability. k15 is the permeability at 15°C water temperature computed from the measured value at 5°C according to the difference in water viscosity. The permeabilities of both unfrozen and freeze-thawed soil tended to decrease with an increase in pre-consolidation pressure. The magnitude of the permeability decreased by an increment in test pressure was greater than that by the pre-consolidation pressure. For the same pre-consolidation pressure P = 500 kN/m m/s, which was equivalent to the permeability of unfrozen soil. Figure 11 shows the relationship between test pressure and permeability increment ratio. The permeability increment ratio kt/ku decreased with an increase in test pressure, and the permeability of freeze-thawed soil converged to kt/ku = 1 at p = 200 kN/m 2 . It indicates that the magnitude of permeability increase by freeze-thaw becomes negligible as test pressure becomes greater.
In other words, in order to estimate permeability of the freeze-thawed soil frozen earth wall, it would be rational to conduct the 1-D test with a test pressure corresponding to the effective overburden pressure in actual ground.
(5) The relationship between OCR and permeability Figure 12 shows the relationship between the overconsolidation ratio (CCR) and permeability increment ratio. The relationship between the OCR and permeability increment ratio showed the same tendency as the relationship between the pre Fig.7 Relationship between frost heave ratio, overburden pressure, and permeability increment ratio. -consolidation pressure and permeability increment ratio in Fig.9 . To summarize these results, it is concluded that the permeability change caused by the freeze-thaw is influenced only by the test pressure. And the permeability is influenced by neither the pre-consolidation pressure nor the OCR. Figure 13 shows the relationship between the void ratio and permeability in the 1-D test. The following four things can be seen from this figure.
(6) The relationship between the void ratio and permeability in 1-D test
[1] Relationship between the void ratio and permeability differs between before freeze and after freeze-thaw. The permeability of the freeze-thawed soil is greater than that of the unfrozen soil at the same void ratio. In addition, the permeability increase of the freeze-thawed soil becomes greater with greater void ratio.
[2] The void ratio of freeze-thawed soil changes from that of unfrozen soil. The void ratio increases by a freeze-thaw in the case of great pre-consolidation pressure. On the other hand, the void ratio decreases in the case of low pre-consolidation pressure.
[3] Permeability tends to consistently increase by freeze-thaw.
[4] The void ratio and permeability of freeze-thawed soil converge to a value according to the test pressure and are not influenced by the void ratio and permeability before freeze-thaw. m/s, respectively.
As shown in Fig.7 , the weaker correlation between the permeability of freeze-thawed soil and frost heave ratio, which is closely related to the amount of generated IL, also matches the weaker correlation between permeability and cooling rate and temperature gradient 6), 7) . In other words, macrostructures, such as ice lenses and shrinkage cracks, collapse and disappear in the process of freeze-thaw. However, soil structures are rearranged while the distance between soil particles increases. The soil is consolidated and soil structures change according to the test pressure. It is supposed that the permeability after 12 Relationship between overconsolidation ratio and permeability increment ratio.
Fig.11
Relationship between test pressure and permeability increment ratio. freeze-thaw follows the relationship between the void ratio and permeability different from the relationship of the unfrozen soil. The above observations indicate that the permeability of freeze-thawed soil converges to a value according to the overburden pressure in the ground on the relationship between the void ratio and permeability of the freeze-thawed soil. The incremental range of permeability by freeze-thaw decreases by both overburden pressure increases and void ratio decreases. In this sample soil, no increase of permeability due to freeze-thaw is observed above p = 200 kN/m 2 .
(7) Characteristics of frost heave for horizontal displacement restrained horizontal freezethaw and vertical permeability test In the H test, freezing direction was horizontal as in AGF shown in Fig.2 , though displacement in the horizontal direction was constrained, and the displacement due to freezing expansion was permitted only in the vertical direction. Besides, the directions of the test pressure and permeability test were vertical. Figure 14(a) shows the vertical displacement with elapsed time in the H test. The vertical displacement increased with freezing and decreased with thawing. Under the condition where the cooling rate dT/dt was slow (0.2 °C/h), the vertical displacement increased during the freezing process and did not return to its original state. On the other hand, under the condition of a high cooling rate (0.4 °C/h), the vertical displacement after freeze-thaw was negative.
Figure 14(b) shows water supply with elapsed time. Water was drained from the specimen during freezing and taken in during thawing. Water supply after thawing increased under a slow cooling rate, while the drainage increased under a high cooling rate.
(8) Void ratio and permeability for horizontal displacement restrained horizontal freezethaw and vertical permeability test Figure 15 shows the relationship between the void ratio and permeability before and after freeze-thaw. The permeability increment ratio was kt/ku = 3700 in K26 and kt/ku = 1500 in K27, and permeability of the freeze-thawed soil increased to around k15 = 1.0×10 -6 m/s. As shown in Fig.9 , the increase in permeability in the IL direction was remarkable in comparison with the permeability increment ratio in the IL orthogonal direction that was approximately 15 times greater at maximum.
The permeability increment ratio in the IL direction seems to be related to an occurrence of IL in the vertical direction in the freezing process as shown in Fig.16 . In the H test, as freezing occurs in the horizontal direction and IL is generated in the vertical direction, therefore shrinkage cracks are generated in the horizontal direction. The displacement in the horizontal direction is restrained and test pressure acts in the vertical direction. The horizontal shrinkage cracks may easily close in the process of thawing, while the trace of IL easily remains. Figure 17 shows void ratio distributions computed from the water content of freeze-thawed specimens. The void ratio of the freeze-thawed soil increased on the Tc side, and decreased on the Tw side. It was assumed that moisture migration from unfrozen soil to the Tc side occurred during the freezing process, but moisture movement in the reverse direction was not sufficient during the thawing process. Therefore, the water content of freeze-thawed specimens seemed to be greater on the Tc side and smaller on the Tw side.
As shown in Fig.15 , although the difference in the void ratio of the overall specimen was small, the permeability increased according to the change in the void ratio distribution. Moreover, it is possible that the permeability after freeze-thaw was influenced by both the difference in void ratio distribution and trace of IL. The trace of IL was not easily closed in the H test because the direction of the trace of IL was perpendicular to the direction of the test pressure.
(9) Influence of freezing direction on the permeability change by freeze-thaw Figure 18 shows the relationship between the void ratio and permeability in the IL and IL orthogonal directions. Comparing kt (C) obtained from 1-D test and kt (K) obtained from H test, kt (C) of freeze-thawed soil was approximately 37 times greater than that of unfrozen soil at e = 1.0. Further, kt (K) in the IL direction was approximately 50 times greater than kt (C) in the IL orthogonal direction. The permeability of freeze-thawed soil in IL direction was approximately 1850 times greater than that of unfrozen soil.
It is possible to compute the permeability distribution in the freeze-thawed soil by substituting the relationship between void ratio and permeability of freeze-thawed soil shown in Fig.13 . The computed permeability increases on the Tc side. The permeability of the IL direction is evaluated as kt(M) by synthesizing the permeability distribution computed from the void ratio distribution. The value kt (M) is relatively close to the measured value kt (K), as shown in Fig.18 . It has been concluded that the change in the permeability in the IL direction is strongly influenced by the increment void ratio of Tc side rather than the trace of IL.
(10) Evaluation of permeability after freeze-thaw Figure 19 was obtained by adding the test result 12) for Fujinomori 14N to Fig.18 , and shows the void ratio and permeability with Fujinomori 14N and Kizuchi 14N. Even if the magnitudes of increment permeability of Fujinomori 14N and Kizuchi 14N are different, the relationship between void ratio and permeability of the freeze-thawed soil is independent from that of the unfrozen. The permeability of the freeze-thawed soil is also greater than that of the unfrozen soil. The permeability of unfrozen Kizuchi 14N at the void ratio e = 1.0 was ku = 4.8×10 -10 m/s, that of freeze-thawed soil in the 1-D test was kt = 1.8×10 -8 m/s and that of freeze-thawed soil in the H test was kt = 9.0×10 -7 m/s. On the other hand, the permeability of unfrozen Fujinomori 14N at void ratio e = 0.9 was ku = 3.3×10 -9 m/s, that of 
freeze-thawed soil in the 1-D test was kt = 1.1×10 -8 m/s and that in the H test was kt = 1.9×10 -8 m/s. In Kizuchi 14N, the increased permeability by freeze-thaw became more remarkable with larger void ratio. In Fujinomori 14N, the increase in permeability by freeze-thaw was kept lower even though void ratio became great. In addition, in the test using Kizuchi 14N, the permeability in the H test was significantly greater than that in the 1-D test. However, in the test using Fujinomori 14N, the permeability in the H test was only slightly greater than that in the 1-D test.
The difference in the increment of permeability is related to the frost heave susceptibility of the sample soil. The moisture transfer in the freezing process of Kizuchi 14N with high frost heave susceptibility was remarkable, so that water content distribution after thawing as shown in Fig.17 did not return to the original state. In contrast, in Fujinomori clay, when the freeze-thaw cycles were repeated only once, the moisture transfer in the freezing process was less significant, so that water content distribution after thawing became close to the original state 13) . The permeability of freeze-thawed soil is evaluated by the void ratio and permeability obtained by the 1-D test under the condition of the test pressure set equal to overburden pressure in site. Moreover, since the permeability of IL direction of freeze-thawed soil may increase remarkably in the case that the soil has great frost heave susceptibility, relationship between the void ratio and permeability of IL direction can be estimated by a horizontal freeze-thaw test. In addition, it is easy to compute permeability after thawing at the site of AGF using void ratio distribution of freeze-thawed specimen obtained by H test. In this case, permeability test may be omitted and the relationship of void ratio and permeability obtained from the 1-D test may be used instead.
CONCLUSION
The conclusions of this study are summarized as follows:
(1) Permeability of freeze-thawed soil that could change at the AGF site was examined by the one-dimensional freeze-thaw permeability test and the horizontal freeze-thaw permeability test.
(2) It was revealed that the permeability of the freeze-thawed soil was affected by the overburden pressure and the freeze-thaw direction. However, the magnitude of over consolidation ratio did not affect the permeability.
(3) In order to experimentally predict the permeability of the freeze-thawed soil, the following are suggested: (a) Reconstitute the specimen sampled from the ground by any pre-consolidation pressure.
(b) Conduct a one-dimensional freeze-thaw test under the test pressure equivalent to the pressure acting on the ground. (c) Conduct a permeability test after the freeze-thaw test to obtain the permeability of the freeze-thawed soil. The pre-consolidation pressure has only a small effect. In addition, it has already been revealed that both the cooling rate and temperature gradient related to the frost heave ratio do not affect the permeability of the freeze-thawed soil based on past studies.
(4) It is considered that the permeability of the freeze-thawed soil measured from the one-dimensional freeze-thaw test is the lower limit of the predicted values. On the other hand, the permeability of the freeze-thawed soil of the upper limit equivalent to the unconservative value considering the uneven increment of void ratio distribution is measured by the horizontal displacement restrained horizontal freeze-thaw vertical permeability test.
(5) The increment in the permeability of the freeze-thawed soil can be ignored in the cases of greater depth or greater overburden pressure.
(6) It is confirmed that the relation between void ratio and permeability is independent from each other before and after freeze-thaw. It is assumed that the soil micro-structure changes by freeze-thaw.
(7) It is thought that the permeability increase by freeze-thaw in the horizontal direction is strongly influenced by frost heave susceptibility.
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